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[57] ~ ABSTRACT

An essentially symmetrical ratio decoder which covers
all areas in both the positive and negative regions with
only a small number of noted exceptions. Multiple
boundaries were selected such that the positive and
negative regions were symmetrical with only a small
number of exceptions. Using these boundaries, an essen-
tially symmetrical, unified ratio decoder was con-
structed using only about one-half of the integrated
circuit real estate of conventional ratio decoder pairs.
By decoding the sign bit from the ratio decoder adder,
the ratio decoder recognizes the exceptional areas and
handles them accordingly.
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1

IMPROVED RATIO DECODER FOR USE IN A
NON-RESTORING BINARY DIVISION CIRCUIT

BACKGROUND OF THE INVENTION

1. Field of the Invention
- This invention relates to binary division. More partic-
‘ularly, this invention relates to binary division of the
type that is accomplished by repeated subtraction using
multiples of the divisor.

2. Related Art

Binary division, as performed by digital computers,
has been conventionally accomplished by iteratively
subtracting multiples of the divisor from a partial divi-
dend. By performing division in such a manner, multi-
ple bits of the quotient can be developed in each itera-
tion, thus saving a significant number of machine cycles
over the course of a divide operation.

In a typical divide iteration, the following operation
is performed:

RH=PDH—;WH*D

where
»=remainder at the end of iteration n

PD,=npartial dividend at the start of iteration n

D =divisor 3=D=1)

M, =divide multiple used in iteration n

(An *“*” indicates multiplication)

For a 2-bit divide, PD, . 1=4*R, (left shift of two
bits). If M, is restricted to the values —2, —1, 0, +1,
+2 then,

\Ry/D=4%, or [PD,/D—-M,| =4

Therefore, once the ratio of PD,/D is know, the divide
multiple M,, can be determined by Table I:

TABLE I
Xn = PDn/D Mn
4/3 = X, = 8/3 2
—§ =Xy = 0
~5/3=X,= -1 —1

—8/3 = Xy = —4/3 2

‘Further, Q, can be determined by the relationships of
Table 1I:

TABLE 11
Mn Qn(Rn > or = 0) Qu(Rn < 0)
2 2 1
1 | 0
0 0 3
—1 3 2
-2 2 ]

As indicated above, a typical divide operation will
include two serial operations: 1) determine M, from
- PD,/D; 2) determine R, by R,=PD,—M,*D. In prior
techniques it has been shown that Mn+1 can be gener-
ated in parallel with Rn. Hence, the 1teration time 1s
limited by generating Rn. Conventionally, M, is deter-
mined by providing both PD, and D to decoders (one
for negative PDn values and a separate decoder for
positive PD,, values) and determining M, by using look
up tables.

To determine M, only the high-order bits of PD, and
D are needed. Since
PD,=4R,_1=4(PD,—1—M,_1*D), the higher order

>
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bits of PD, (designated PD),’) can be generated in paral-
lel with PD,, from the higher order bits of PD,_. and
M, _i*D. The PD,’ so generated ignores the carry-in
from the lower order bits. This error can be compen-
sated for by selecting the multiple boundary in the over-
lapped region between the multiples. Since:

PDy_y = 4Rp_2 = #PDy_2 — M, _.32*D)
then:
PD, =4Rp_| = 4PDy1 — Mp_*D)

= 4[4(PDy—2 — Muy_3*D) — My_*D]
Therefore, the high-order bits of PD, (PFBH), and hence
Mn, can be determined from PD, 3, M,,_>, and M, 1.

The quotient bits Q, (2 bits per iteration) are deter-
mined by the relations:

Qn=Mﬂ' If Cﬂ= 11 QH=MH_ 1 if Cn=0

where C, 1s a carry out bit indicative of the sign of the
remainder (R,).

An example of an apparatus for performing non-res-
toring division and embodying the foregoing principles
1s illustrated in FIG. 1. FIG. 1 depicts a fixed point
binary divider 100. Data locations refer to the start of

~ the nth iteration. The remainder from the previous iter-
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ation n— 1 is latched into the remainder latch 102 of the
carry propagate adder 104. The last carry (off the end of
the remainder) is used by the quotient generator 106 to
generate Qn—1, since On—1=Mn—1—-~Cn—1, where
Cn—1 represents the last carry that occurred. Cn—1
indicates the sign of Rn—1 (1 if negative, 0 if positive)
and is generated by counting carries out of the carry
propagate adder 104. This covers the case where
On—1=Mn-1 —1. Mn—1 1s represented by two’s
compliment form in the multiple latches 108. The quo-
tient generator 106 is a two-bit down counter and bi-
nary trigger.

The last remainder Rn—1 wraps back on the carry
propagate adder 104 through a two-bit wired left shift
110 to become PDn. Mn*D feeds the other side of the
carry propagate adder from the multiple gates 112. The
multiple gates form 1X or 2X divisor multiples in true
or compliment form from the divisor register 114 as
selected by the multiple select lines 116. The multiple
select lines generate the extra carry into the adder (hot
one) when a two’s compliment divisor is selected.

The last remainder (left shifted by 2 bits) also feeds
the ratio decoder adder 118 which resolves its high
order bits, along the high order bits of Mn*D into the
high order bits of Rn. The high order bits of Rn, shifted
left by two bits to form PDn4 1, feed two ratio decod-
ers 120, 122 that select a positive and negative Mn+1
from the ratio of PDn+1 to the divisor D. The carry-
out of the multiple decoder adder indicates the sign of
PDn+1, and is used to select the opposite signed
Mn+ 1 from the multiple latch drivers 124. The selected
Mn+1 is then latched into the quotient multiple iatches
108 and is ready for the next iteration.

In the divider of FIG. 1, the sign of Rn—1 is formed
by counting the carries out of the carry propagate adder
with a binary trigger, and the sign of PDn+1 is formed
by waiting for the carry out of the decoder adder 118.
In any event, either method can be used as determined
by the adder organization. The initial dividend is not
shown in FIG. 3. A typical hardware saving location
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for the initial dividend 1s the quotient register 126 (by
time-sharing).

As explained above, two ratio decoders are provided.
A positive ratio decoder 120 and a negative ratio de-
coder 122. The two separate decoders are provided
because the positive and negative regions are not com-
pletely symmetrical. That is to say, for a given divisor,
the proper value of Mn where the partial dividend PDn
1s posttive will not necessarily be the same as where the
partial dividend PDn is of the same magnitude but nega-
tive. This principle is illustrated in the charts of FIGS.
2A and 2B.

- Honizontally on each chart are plotted partial divi-
dend values in sixteenths while divisor values are plot-
ted vertically in sixteenths. The chart of FIG. 2A repre-
“sents positive partial dividends and the chart of FIG. 2B
represents negative partial dividends.

~ Within each chart there are four slanted lines referred
to as exact “boundaries.” The exact boundaries 202-216
represent the four possible ratios of PDn/D which are
of interest in decoding Mn and were taken from Table 1.
The crooked lines 218, 220 near the # and 5/3 exact
boundaries represent the nearest integer ratio whose
magnitude 1s less than or equal to the exact ratio. In the
decoder adder 118, PD and D are represented to a bit
position weight of 64 (thus the low order bit of PDn+ 1
as available to the decoder has a weight of sixteen).
Thus each square on the chart represents a possible ratio
between PD,. 1 and D which can be seen by the ratio
decoders.

The positive and negative regions as delimited by the
Integer boundaries are not symmetrical. The negative
region really shows the 1's compliment form of the
partial dividend and is therefore off by one bit. The
boundary regions, however, where two multiples over-
lap are equal in the positive and negative region.

In the chart for the positive partial dividends, the
point in the upper left corner of each square represents
the bit patterns of PD,; and D, while the exact ratio of
that particular PD,_ | to D is represented by any point
within the square or on its upper or left boundary.

Overlap of multiple ranges for some values of
PDn/D (see the bottom of FIG. 2) permits some flexi-
bility in choosing the decode boundary for a particular
multiple. However, much of the flexibility is lost be-
cause of the error introduced by ignoring the carry into
the lowest bit position of PD, in the decoder adder 118.
For example, the positive decoder 120 for multiple zero
must select on all bit patterns of PD, and D as repre-
sented by squares to the left or cut by the one-third
exact boundary. A line which is drawn through the
right most extreme of these squares would be referred
to as the one-third integer boundary. Because of the
overlap in the range for selection of M,=0 and M, =1,
the decoder for M,=0 could select on any square be-
tween the one-third and two thirds boundaries. But
because the carry-in error may permit PD, to be low by
one bit, the multiple zero decoder may not select on any
square which is just to the left of the two thirds integer
boundary. The dashed lines represent the left edge of
those squares whose bit patterns are decoded to select
Mn=1. The remaining squares in the upper range are
then decoded to select M, =2.

The negative ratio decoder 122 (the decoder for neg-
ative partial dividends) is derived in a similar manner.
The truncation and carry-in errors in this case are
toward the zero partial dividend so that the point at the
upper left corner of each square represents the bit pat-
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4

tern seen by the decoder. The dashed lines represent the
left edges of the squares selected for Mn=—1. The
Mn=0 line is shown to imply the right "‘edge for
Mn=—1.

In the ratio decoders 120, 122 and the tables of FIG.
2, the variables are defined as divisor=0,1xyz and par-
tial dividend =ab.cdef.

While the divider of FIG. 1 has provided a successful
mechanism for performing non-restoring binary divi-

sion it does have a number of features which are open
for improvement. For example, having separate decod-
ers for the positive and negative partial dividend re-
gions does not make for an efficient integrated circuit
real estate. Further, in some Instances, the implementa-
tion of these decoders can create engineering limitations
on the speed of division.

II. SUMMARY OF THE INVENTION

The inventors have discovered that multiple bound-
aries can be selected such that the positive and negative
regions are symmetrical with only a small number of
exceptions. Using these boundaries, an essentially sym-
metrical, unified ratio decoder was constructed using -
only about one-half of the integrated circuit real estate
of conventional ratio decoder pairs. By decoding the
sign bit from the ratio decoder adder, the ratio decoder
can recognize the exceptional areas and handle them
accordingly.

III. BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood by
reference to the drawings, wherein:

FIG. 1 1s an illustration of the hardware organization
of a prior art binary divider;

FIGS. 2A and 2B are charts tllustrating partial divi-
dend/divisor ratios, showing boundary regions for the
ratio decoders. The chart of FIG. 2A represents posi-
tive partial dividends and the chart of FIG. 2B repre-
sents negative partial dividends.

F1G. 3 is an illustration of an improved binary divider
having a symmetrical ratio decoder;

FIG. 4 1s a chart illustrating the boundary regions for
an embodiment of the symmetrical ratio decoders of
FIGS. 3 and TA/B; |

FIG. § 1s a more detailed diagram of the ratio decoder
adder and the exclusive OR gates of FIG. 3.

FIG. 6 1s an illustration of the logic equations embod-
led in the symmetrical ratio decoders of FIGS. 3 and
TA/B;

FIGS. 7TA and 7B illustrate an embodiment of an
apparatus for performing non-restoring division, which
can generate four quotient bits per clock cycle. =~

FIG. 8 illustrates and embodiment of a convert to
binary circuit suitable for sharing a common data path
with the apparatus of FIG. TA/B.

FIG. 9 1llustrates another embodiment of a convert to
binary circuit which can retire a 64 bit double word of
decimal digits in four cycles.

Like components appearing in more than one figure
are designated by like reference numerals.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Described herein are A) an essentially symmetrical
ratio decoder which symmetrically covers all areas in
both the positive and negative regions with only a small
number of exceptions; B) an improved divider using
symmetrical ratio decoders; C) divide and convert to
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binary circuits using a common data path to halve exe-
‘cution time; and, D) a reduced execution time convert
to binary circuit using carry save adders and carry
propagate adders.

A. Symmetrical Ratio Decoder For Binary Division
The present section describes an essentially symmet-

rical ratio decoder which symmetncally covers all areas

in both the positive and negative reg10n with only a
small number of noted exceptions. By using this essen-
tially symmetrical ratio decoder, the need for separate
positive and negative decoders is eliminated and a sig-
nificant amount of integrated circuit real estate is saved
in both the decoder and the binary divider.
- FIG. 3 is an illustration of a binary divider having a
- symmetrical ratio decoder. Like the divider of FIG. 1,
the present divider mcludes a divisor register 114, multi-
ple gates 112, a carry propagate 104, a remainder latch
102, a two bit wire shift left 110 to form PDn from
Rn—1, a ratio decoder adder 118, and a quotient regis-
ter 126. These components operate in the same manner
as the like numbered components described with re-
spect to FIG. 1.

The apparatus of FIG. 3 assumes that at the start of
clock cycle n, an initial remainder R, is in the remain-
der latch 102, and an initial carry out and multiple
(CRY,_1and M, _)) are stored in the multiple latches
308. Actual start up will be discussed in more detail
later, with respect to the embodiment of FIGS. 7A/7B.

In contrast to the binary divider of FIG. 1, the pres-
ent divider eliminates the positive and negative ratio
decoders 120, 122 and the multiple latch drivers 124.
Instead, the six lower order bits from the ratio decoder
adder are provided to the Exclusive-OR gates 302,
wherein each of the six bits is exclusive ORed with the
most significant bit (bit 0) from the ratio decoder adder
118. In this manner, the six lower order bits of the sum
S’ from the ratio decoder adder 118 are fed to the ratio
decoder 304 in true form when the MSB is zero (posi-
tive remainder) and in 1's compliment form when the
- MSB 1s a one (negative remainder). Throughout the
remainder of this specification the most significant bit
(MSB) of the result from any ratio decoder adder will
be referred to as sumbitO.

In addition to receiving the output of the Exclusive-
OR gates (the lower order six bits of S’ or the 1’s com-
pliment thereof), the symmetrical ratio decoder 304
receives the divisor D and sumbitQ from the ratio de-
coder adder 118. It should be understood that the sym-
metrical ratio decoder 304 of FIG. 3 is not simply a
combination of the positive and negative decoders 120,
122 of FIG. 1. While such .a combination could be
achieved by merely combining the positive and nega-
tive region decode logic into a single large decoder and
additionally decoding the most significant bit from the
ratio decoder adder, this alone would not accomplish
the goal of saving circuitry and integrated circuit real
estate.

Advantageously, the symmetrical decoder of FIG. 3
uses a single combined region, defined by appropriately
choosing the multiple boundaries, to handle both posi-
tive and negative partial dividend values. By using the
most significant bit from the ratio decoder adder to 1’s
compliment negative partial dividends, the symmetrical
ratio decoder 304 decodes all partial dividends as
though they were positive and uses the most significant
bit from the ratio decoder adder to resolve the ambigu-
ous cases. The carry out from the carry propagate adder

10
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6

104 can be used to select whether the M,*D result is to
be added to or subtracted from the divisor (i.e. no car-
ry=add, carry=subtract).

The operation of the symmetrical ratio decoder of
FIG. 3 will be better understood by reference to FIG. 4.
FIG. 4 is a combined decode chart for both positive and
negative ratios. In FIG. 4, the four slanted lines 402-408
represent, respectively, the integer boundaries for the
M,=0...M,=2 regions. The multiple values are des-
ignated in shorthand form, wherein M, =0 is designated
MO, M,=1 1s designated M1 and M,=2 is designated
M2. The two crooked lines 410, 412, represent the
boundaries selected by the inventors to achieve approx-
imate symmetry. Specifically, the first crooked line 410,
designates the selected boundary between M,=0 and
M,=1. Similarly, the second crooked line 412, desig-

 nates the selected boundary between M,=1 and M,,=2.

20

By selecting the boundary regions as illustrated in
FI1G. 4, the inventors have configured the combined

~decode chart such that there are only five ambiguous

- decode ratios (two in the M, =1 region and three in the

Mn=2 region). These ambiguous ratios (designated by
reference numerals 414-422) are recognized by the

~ decoder 304 and handled appropriately by reference to
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the most significant bit from the output of the ratio
decoder adder (sumbit0). Specifically, two of the areas
414, 416 1n the M,=1 region will decode Mn=0 only if
they are parttal dividends that were made positive by 1’s
complimenting (sumbit0=1). Otherwise, these areas
414, 416 will decode as M, =1. Further, three areas 418,
420, 422 in the M, =1 region will decode M,=2 only if
they are partial dividends that were not 1’s compli-
mented (sumbit0=0). Otherwise, these three areas will
decode as M, =1.

As an example, assume that the ratio decoder adder
118 (FIG. 2) has just subtracted a partial divisor of 8
(M,_1=1, D=00001000 binary) from a partial divi-

dend of 04 (00000100 binary). The ratio decoder 118

would accomplish the subtraction by adding the 1’s

compliment of the partial divisor to the partial dividend
as illustrated below:

CO000100

+
11110111

11111011

The six lower order bits of the result are sent to the
XOR gates 302 where each bit is exclusively OR’ed
with bit O from the ratio decoder adder. In this case,
sumbit0 1s a one, thus the result is 1’s complimented and
sent to the decoder as 00000100.

Turning again to FIG. 4, it will be observed that
where the partial divisor is 1000, and six lower order

~ bits (abcdef) of the partial dividend are 000100, the

65

multiple M, for the next iteration could be either 1 or 0.
By looking at sumbitO from the output of ratio decoder
adder 118, the ratio decoder establishes that the partial
dividend became positive by taking the 1’s compliment.
Thus, the value M,,=0 is output as a result of the de-
code. Bit 1 is not needed because the result shifted left
by 2 (SL.2) i1s input the decoder 304.

FIG. 5 is a more detailed diagram of an embodiment
of the adder and XOR sections of FIG. 3. As is illus-
trated in FIG. §, where an eight bit adder is used as the
ratio decoder adder 118, bit 1 is not fed to the ratio
decoder, and bits 2 through 7 are individually exclusive
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OR’ed with sumbit0 before being sent to the ratio de-
coder,

FIG. 6 shows the logic equations embodied in the
ratio decoder 304 where the partial remainder (the out-
put of the XOR gates) 1s of the form abcdef and the
divisor is of the form 1xyz. Sumbit0=0 indicates posi-
tive sum, while sumbitO=1 indicates a negative sign.

The operation of the embodiment of FIG. 3 will now

be described in more detail. Again, we will assume that
at the start of clock cycle n, an initial remainder Rn—1

10

is held in the remainder latch 102, and an initial carry

out CRY,_.1 and multiple M, is held in the multiple
- latches 308. For purposes of the example, we will also
assume a 34 bit initial remainder and a 32 bit divisor.

At the beginning of cycle n, the divisor D (from the
divisor register 114) is applied to the multiple gates 312.
The multiple gates 112 form 1X or 2X divisor multiples
in true or compliment form as selected by the multipie
select lines 316. The multiple select lines 316 carry the
multiple M,_ and the carry out CRY,_—| from the
previous cycle. A carry out of one (CRY,_1=1) causes
- the multiple gates 112 to output the 1’s compliment of
‘M, _1*D. A nocarry (CRY,_1=0) causes the multiple
gates 112 to output M,_1 * D in true form.

The M,_1* D (in true or compliment form, as output
from the multiple gates 112) is provided, in parallel, to

the carry propagate adder 104 and to the ratio decoder
adder 118. The carry propagate adder 104 forms the
sum of the partial dividend PD,and the M,,_1 * D value
output from the multiple gates. The CRY,_ | (from the
multiple select lines) generates a hot 1 into the CPA 104
when a complimented divisor multiple 1s selected
(CRY,_ij=1). The resulting remainder Rn 1s latched
into the remainder latch 102. As illustrated in FIG. 3,
the partial dividend PD, is formed by wire shifting
R,_1to the left by two bit positions.

In parallel with the CPA 104, the ratio decoder adder
forms the sum of the eight lower order bits of the partial
dividend PD, and the M,_1 * D value output from the
multiple gates. The MSB (bit 0) of the sum is input to
the XOR gates 302 and the symmetrical ratio decoder
304 which operate, as described above, to produce a
multiple value M. The M, value, so generated is stored,
along with the carry out CRY, from the CPA 104, in
the multiple latches 308. The M, value, the carry out
CRY,, and sumbit O (from the ratio decoder) adder are
also provided to the quotient generator 306.

Like the quotient generator 106 of FIG. 1, the quo-
tient generator 306 of FIG. 3 uses the carry out CRY,
from the carry propagate adder 104 to determine the
quotient bits from the decoded multiple M,. However,
in the apparatus of FIG. 3, the symmetrical ratio de-
coder 304 provides only an absolute value of the de-
coded multiple. Thus, for example, where the result
from the ratio decoder adder is negative, and the de-
coded multiple is M1, the ratio decoder will output
M, =1 (binary 01) whereas in fact, the proper multiple
iS Mﬂz """1 (binary 11).

To compensate for the fact that the decode multiple 1s
provided in absolute value form, sumbit0 (sum bitQ)
from the ratio decoder adder i1s provided to the quotient
generator 306. Since sumbit0 indicates the actual sign of
the decoded multiple (sumbitO=1 indicates a negative
multiple, sumbit0=0 indicates a positive multiple), the
quotient generator uses this bit to adjust the decoded
multiple value to reflect its proper sign. This is readily
accomplished by 2’s complimenting the decoded multi-
ple when sumbitO=1. The carry out CRY, from the
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carry propagate adder 104 determines whether the quo-
tient generated by the quotient generator 1s equal to the
multiple M, or the multiple minus 1 (M,—1). Where the
carry out is equal to 1, the quotient QOy=(M,—1).
Where the carry out CRY,1s equal to O (no carry) then
Qn=M,.

Once determined, the quotient (2-bits) 1s put away in
the quotient register 126 which fills up starting at the

least significant two bits.
It should be understood that the foregoing principles

can be used to devise symmetrical ratio decoders which
generate more than two bits per decode. In such em-,
bodiments, the number of multiple regions would be
increased as would the number of bits to be resolved by
the decoder.

B. Improved Divider Using Symmetrical Ratio
Decoders

Advantageously, the symmetrical ratio decoder de-
fined by the equations of FIG. 6 can be used 1n conjunc-
tion with an improved divider circuit which can retire 4
bits of the quotient in each iteration. Such a circuit 1s
illustrated in FIG. 7.

The operation of the apparatus of FIG. 7 assumes a
start up phase wherein a 32 bit divisor 1s made positive

- and normalized to the form 001XX ... X. The Divisor
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register (W-REG) 702 holds the normalized divisor. A
significant bit overflow trigger 704 holds the least sig-
nificant bit (bit 31) of the original divisor in cases where
the divisor has been normalized by a right shift of 1. For
example, where the original divisor 1s 01XX ... 0l; a
right shift of 1 i1s performed to normalize to the form
001XX ... X and the overflow trigger is set to 1.

As an additional part of the start up phase, a 64 bit
fixed point dividend is made positive and normalized
(1.e. shifted by the same amount and in the same direc-
tion as the divisor). The 32 higher order bits of the
dividend are held in the High Order Dividend register
(H-REG) 706. The low order 32 bits of the dividend are
held in the Low Order Dividend register (L-REG) 710.
The H-REG and L-REG each include two overflow
triggers 708, 712. The L-REG overflow triggers 712 are
used during start up when the divisor is the maximum
negative number and requires a right shift of two, or
when the divisor is a positive number of the form 01XX
. . . X and requires a right shift of one. The H-REG
overflow triggers 708 are used to hold the low order 2
bits from CPA2 728, thus making the H-REG 706,708
effectively a 34 bit register.

Once initialized, the apparatus of FIG. 7 commences
generation of the quotient at the rate of 4 bits (2 pairs)
per iteration. The initial quotient pair is generated by a
first quotient generator (Qn-GEN) 714. To generate the
initial quotient pair, the multiple Mn is decoded in a first
symmetrical ratio decoder 716 from H-REG bits 2-7
and from W-REG bits 3-5. A first set of multiple gates
717 provides any of the 2’s complimented divisor, the
2’s complimented divisor shifted left 1 (SL1), or the 2’s
compliment of zero to a first 34 bit CPA (CPA1l) 718
depending on the value of Mn provided by the Mn
decoder 716. The first 34 bit CPA then adds the value so
provided to the shifted left 2 (SL2) normalized divi-
dend.

The specific relationship between Mn and the opera-
tion of the 34 bit carry propagate adder 718 is illustrated
in Table III, below:
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TABLE 111
Mn Operation of 32 bit CPAL1
0 subtract 2’s compliment of 0 (forces carry
out CRYn from CPA1'"718)
I ' subtract divisor
2 subtract divisor shifted left one.

It should be understood that during cycles, other than
the first, the multiple gates 717, 72§ can also provide the
complimented divisor or the complimented divisor SL1

when the carry CRY,41=0. However, because a sub-

traction must occur on the first cycle, a carry is assumed

(for the first cycle only). Thus, this factor is not consid-

ered in Table III. |

The carry out (CRYn) from CPA1 718 and the most
- significant bit of the result (sumbit0) from an eight bit

carry propagate adder (CPA2') 720 are used by quotient

generator 714 to determine the first two bits of the
quotient from the decoded multiple. As explained with
reference to the embodiment of FIG. 3, sumbit0 is indic-
ative of the actual sign of the multiple (which is pro-
vided only in absolute form by the symmetrical ratio
decoders).

For the determination of the initial two quotient bits,

sumbit0 is set to 0. This 1s because CPA2' 720 does not
play a role in the determination of these bits and because
the first muitiple Mn will always be positive by virtue of
the fact the normalized dividend 1s initially made posi-
tive. For subsequent cycles, sumbit0 is latched from the
8 bit adder 720 into the Mn + 2 decoder/latches 730 and
fed back into the first quotient generator 714. The gen-

eration of quotient bits by the first quotient generator
714 1s 1illustrated in Table IV below:

TABLE IV

Decoded Multiple Generated Quotient Bits
Where, CRY, = 1 (carry out) and sumbit 0 = 0:

M,=0 Qn = 00

M, =1 Q, = 01

M, =2 Q, =10
Where, CRY,; = 0 (no carry) and sumbit O = O:

My = Q, = 11

M,=1 Q, = 00

M, = Qn = 01
Where, CRY, = 1 and sumbit 0 = 1{:

M,=20 Q, = 00

M, =1 Q, = 11

M,=2 Qr=10
Where, CRY, = 0 and sumbit 0 = 1.

M, =20 Q, =11

M, =1 Q, =10

M, =2 Qn = 01

In parallel with the operation of CPA1 718, an 8 bit
carry propagate adder (CPA1’) 724 subtracts from the
SI.2 high order 8 bits of the dividend by adding to it, the
1’s compliment or SL1 I’'s compliment of the high order
8 bits of the divisor (from the W-REG 702). Again the
proper value for presentation to the adder 720 is se-
lected by the Mn decoder 716 which provides a select
input to a second set of multiple gates 725. Sum bits 2
through 7 out of CPAY1’ 724 represent an approximate
partial dividend PD’. Sum bit 0 (sumbitQ) is the most
significant bit out of CPA1’ and represents the sign of
the result.

Sumbit0 out of CPA1’ 720 is exclusive OR’ed (at the
XOR gates 722) with bits 2 through 7 from CPAY’ 724.
As described with reference to FIG. 5, the XOR gates
determine whether these bits are sent to the decoder in
true or 1’s compliment form. Sumbit0O=:1 indicates that
sum bits 2:7 out of the first eight bit CPA 724 need to be
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10

ones complimented before being used by a second mul-
tiple decoder (the Mn+ 1 decoder) 726. Sumbit0=0 out
of CPAY1’ 724 indicates that sum bits 2 through 7 can be
used as they are by the Mn+1 decoder 724. High order
bits 3 through 5 of the divisor are also provided to the
multiple decoder 724 from the W-REG 702 (PD'/D’
where D’ is the partial divisor).

The multiple generated by the Mn+1 decoder 726
and the carry out of CPA1 718 (CRYn), are input to a
third set of multiple gates 727, where they select any of
the true, SL1 true, or the 2’s compliment of the divisor
or SL1 divisor for provision to CPA2 728. CPA2 728
adds the value so provided from the SL.2 remainder
from CPA1 718.

The operation of CPA2 is described in Table V, be-
low:

TABLE V
Mn CRYn Operation of 32 bit CPA2
M,=0 AND CRY,=1 PD + 2'scompliment of 0
(forced carry)
M,=0 AND CRY,=0 PD+0
M,=1 AND CRY,=1 PD + 2’s compliment of Divisor
M,=1 AND CRY, =0 PD + Divisor
M,=2 AND CRY,=1 PD + SL1 2's compliment
of Divisor
M, = AND CRY,=0 PD + SLI Divisor
(CRY, = 1 indicates a carry, C RY, = 0 indicates no carry)

The multiple generated by the Mn+1 decoder 726
also combines with CRY, .1 out of the 34 bit CPA2 728
at a second quotient generator (Qn+1 GEN) 723,
which generates the second quotient pair using the
previously described rules. The contents of the L-REG
710, 712 are then shifted left by four (SL4) and the four
quotient bits are loaded into the vacated 4 low order bit
portions of the register. The 34 bit remainder out of
CPA2 728 is fed to the H-REG 706,708, to be used in
the next cycle.

In parallel with the operation of CPA2 728, CPAY
720 takes the high order 8 bits of the remainder SL2 out
of CPA1 718 and adds the high order 8 bits of the
W-REG 702 true or SL1 true or complimented or SL1
compliment in accordance with multiple generated by
the Mn+ 1 decoder 726. Once again, the multiple se-

lected by the Mn+ 1 decoder 726 is provided to CPA2’

720 by a fourth set of multiple gates 729.

Sum bits 2 through 7 out of CPA2’ 720 represent an
approximate partial dividend PD’; sum bit O represents
the sign bit. As described with reference to FIG. §, a

second set of exclusive or gates 732 use sumbit0O to
correct for the fact that the multiples from the Mn 2
decoder are provided only in absolute form. Again,
sumbitO=1 out of 8 bit CPA2’' 720 indicates that sum
bits 2 though 7 out of CPA2’ 720 need to be 1’s compli-
mented before being used by a third multiple decoder

730 (the Mn 42 decoder). Sumbit0=0 out of CPA2’ 720

indicates that sum bits 2 through 7 out of CPA2’ 720 can
be used as they are by the Mn+2 decoder 730. High
order bits 3 through 5 of the divisor (from the W-REG
702) are also provided to the Mn+2 decoder 730 in
order to enable it to generate the next multiple.

The multiple generated by the Mn+2 decoder 730,
bit0 of the sum (sumbit0) from CPA2' 730, and the carry
out (CRY,41) from CPA2 728 are latched up in the
Mn 42 decoder latches 731 to be used in the next cycle.
The multiple latched in the Mn+2 decoder 730 and the
latched CRYn+1 will determine the either add the true
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divisor, SL1 true divisor, 2’s compliment divisor, or
SL1 2’s compliment divisor to the SL2 remainder from
H-REG 706, 708 for the next divide iteration.

The first quotient pair in the next divide iteration and
the following iterative cycles is determined from the
-latched multiple and the latched sumbitQ (as latched in
the Mn+2 decoder latches 731) and the carry out
CRY, of CPA1 718. -

As an alternative to loading the quotient bits into
vacated potions of the L-REG 710, 712, the quotient
can be loaded into a separate quotient register. As is
conventional, the register which holds the quotient can
be provided with logic to detect fixed point divide ex-
ceptions, which are, in turn, reported to the system by
way of an interrupt.

C. Divide and CVB Using Common Data Path to Halve
Execution Time

Advantageously, the two cascaded 34 bit adders 718,
728 of FIG. 7 can be shared with a covert to binary
(CVB) circuit. By using a common data path for the
divide and CVB instructions a significant amount of
chip logic and real estate can be saved. Further, the
number of chip crossings, along with respective time
loss, can be reduced. Advantageously, the use of the
two cascaded adders cuts in half the execution time of
CVB (from 16 to 8 cycles) and cuts the execution time
of the divide (from 28 to 13 cycles).

The convert to binary instruction will now be ex-
plained by reference to FIG. 8. Convert to binary
(CVB) 1s an instruction that converts decimal digits
expressed in binary form, into a binary number. For
example, a decimal number expressed in sixteen digits
(15 representing the number, 1 representing the sign of
the number) can be converted into a 32 bit binary word.

The high order 32 bit word 802 of a double word of
decimal digits are provided to the CVB circuit from a
general purpose register. In the high order 32 bit word
802, 8 decimal digits are each represented by 4 bits. In
the low order 32 bit word (not shown), 7 decimal digits
~ are represented by 4 bits each and the lower order 4 bits
represent the sign of the decimal number.

As 1illustrated in FIG. 8, the high order decimal digit
(A) defined by bits 0-3 of the high order 32 bit word is
decoded, by a first decoder 804, and the results of the
decode are sent to CPA1 718. A second decoder 806
decodes the second decimal digit (B), defined by bits
4-7 of the high order 32 bit word, and sends the results
of the decode to CPA2 728 (into the positions vacated
by the SL1 and SL.3 of the ouytput from CPA1 718). The
output from CPA2, which is the binary number of the
first two converted decimal digits, is then latched into
the W-REG 702.

The conversion continues by wire shifting the con-
tents of the W-REG 702 left by one (SL1) and left 3
(SL3) to CPA1 and adding the decodes of the next
~ decimal digits into the vacated bit positions of the re-
spective carry propagate adders. The SL1 and SL3
addition of the converted number constitutes a multipli-
cation by 10.

‘The most significant bit (bit 0) of each decimal digit is
gated directly to the left side of the corresponding carry
propagate adder 718, 728 (e.g. CPA1 718 receives bit
A0 of decimal digit A and CPA2 receives bit B0 of
decimal digit B). The decoders 804, 806 produce the
remaining three bits of each digit from the 4 original
bits and gates them to the right side of the correspond-
Ing carry propagate adder. Where the decimal digit is
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an 8 (1000 bin), the decoder outputs “111” for bits 1-3
(e.g. A1-A3 or B1-B3). Where the decimal digit isa **9”
(1001 bin), the decoder outputs “111* (the same as for
decimal digit 8) and also adds a hot 1 to the correspond-
ing carry propagate adder. The lower order three bits
of all other decimal numbers (0000-0111 binary) are
gated through to the carry propagate adders, from the
decoders, in their original form.

The least significant decimal digit (1.SD) in the dou-
ble word indicates the sign of the decimal number. A
negative number is indicated by a hexidecimal digit
value of B or D. A hexidecimal digit value A, C, E or
F indicates a positive number. Circuitry can also be
added to signal a data exception when the least signifi-
cant digit is less then 10 (A hex.). For a negative number
(LSD =B or D) the result from CPA1 is provided to
CPA21n 2’s compliment form. Where the decimal num-
ber is positive (LSD=A, C, E or F) the result from
CPA1 is provided to CPA2 in complement form.

It should be understood that in the above-described

embodiment, decimal digits other than the L.SD should

never be greater then 9. Circuitry can also be added to
signal a data exception when this condition occurs (i.e.
a digit, other than the LSD, 1s greater than 9).

Using two cascaded carry propagate adders enables
conversion of two decimal digits per cycle (8 cycles for
a decimal number expressed in 16 digits).

D. Reduced Execution Time Convert to Binary

Another embodiment of a convert to binary circuit
which reduces the execution time of a CVB operation
to 4 cycles 1s illustrated in FIG. 9. Like the circuit of
FIG. 8, the circuit of FIG. 9 converts a 15 digit+ 1 sign
digit decimal number to binary form, examining the
decimal digits from left to right (most significant to least
significant).

The apparatus of FIG. 9 converts a first pair of deci-
mal digits in the double word through a first carry save
adder 902 and a first carry propagate adder 904, and
converts a second pair of decimal digits in the double
word through a second CSA/CPA pair 906, 908 before
the converted number is latched up in a register (W-
REG) 910. In FIG. 9, the decimal digits in each group
of four (two pairs) are represented by letters A through
D.

Like the W-REG 702 of FIG. 8, the W-REG 910 is a
32 bit register. In FIG. 9, the 32 bits of the W-REG 910
are indicated by W0-W31 (with W0 being the MSB). In
order to have access to the correct bits of four decimal
digits at a time and the correct hot one values (HA-
HD), the circuit of FIG. 9 uses four decoders 912-918
which operate in a similar manner to the decoders 804,
806 of the embodiment of FIG. 8.

Each of the carry save adders 902, 906 comprises four
4-2 CSAs (920-926 and 932-938 respectively) and
twenty eight 3-2 CSA (of the type designated by refer-
ence numerals 928, 930, 940, 942). The 4-2 CSAs handle
addition for the first four columns of addition (as de-
scribed below). The 3-2 CSAs handle the addition for
the remaining columns. An example of a 4-2 CSA and a
single level CSA tree is illustrated in IBM Technical
Disclosure Bulletin Vol. 23, No. 8, January 1989, Pp.
3811-3814, entitled “4-2 Carry-Save Adder Module”,
which is incorporated by reference.

The CVB method used by the apparatus of FIG. 9 is
similar to that of FIG. 8 except that more quantities are
added to get a binary result. As with the CVB circuit of
FIG. 8, the first converted binary number (generated by
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CPA1 718 in the embodiment of FIG. 8) is defined by
formula 1, as follows:

(formula 1)
W3 ... W30 W31 Al A2 A3
+
Wi ... W28 W29 W30 W3l AQ
+
HA

FIRST CONVERTED NUMBER

Further, like CPA1/CPA2 718 of FIG. 8, the first
CSA/CPA pair 902, 904 of the embodiment of FIG. 9
generates the first two converted numbers as follows: -

(f’ormula 2)

(FIRST CONVERTED NUMBER) Bl B2 B3

+
(FIRST CONVERTED NUMBER) B0

+
HB

(FIRST AND SECOND CONVERTED NUMBER)

by substitution of formula 1 for the first converted num-
ber, formula 2 becomes:

(formula 3)
W3 ... W30 W31l A1 A2 A3 Bl B2 B3
+
W1 ... W28 W29 W30 W3l AQ
+
HA
+
W3 . . W30 W3l Al A2 A3 BO
+
W1 . . W28 W29 W30 W31 AQ
+
HA
+
HB

(FIRST AND SECOND CONVERTED NUMBER)

For digit A, SL1 and SL3 of the W-REG 910 and the
correct bits of digit A from the first decoder 912 and
HA from the decoder 912 are added together. For digit
B, SL1 and SL3 of the first converted digit A and the
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Column 1 is added by a 4-2 CSA 920. The five inputs
are row! through row5. Row 6 is added in bit position
31 of the left side of CPA1 904. Row 7 is added as the
carry 1n (hot 1) to CPA1 904.

One row is eliminated after column 4 since row 2 and
row 4 are equal at that point. Row 2 and row 4 can be
combined into one row (starting at column 5) if from
column 35 the bits are shifted left by one position (equiv-
alent to doubling).

In FIG. 9, the first Carry Save Adder 902 adds the
respective columns to produce a sum and a carry. The
first carry propagate adder 904 adds the sums and
carries from the first carry save adder 902. '

The above described process continues for the sec-
ond pair of decimal digits (C,D), as the output X-bus
from CPA1 replaces the W-bits with X-Bits for use by
the second carry save adder 906. Similarly, in the sec-
ond CSA/CPA pair, the A-digit is replaced by the
C-digit and B-digit is replaced by D-digit. The sum out
of CPA2 908 is latched in the W-REG, to be used in the
next cycle wherein the next two pairs of decimal digits
are converted. |

When the last 4 digits ABCD in the doubleword are
decoded, the conversion proceeds differently. The A

and B digits are converted (as before) through the first
CSA 902 and the first CPA 904. Digit C is the last data

digit to be converted. Digit C is converted by taking the
output of the first CPA 904 and shifting it left 1 and left

-3 through the second CPA 908. The decode for digit C

30

35

is then inserted into the corresponding vacated bit posi-
tions (as was done in the embodiment of FIG. 8 with
CPA2 728, for example). The second CSA 906 does not
partictpate.

The last digit of the doubleword is the sign digit. If
the sign digit 1s positive;(i.e. not hex B and not hex C)
the output of the second CPA 908 is the final result and
put away 1n the general purpose register. If the sign
digit 1S negative, the output of the second CPA 908 is

- put into the W-REG 910. An extra cycle is added to 2’s

40

correct bits of digit B from the second decoder 914 and 45

HB from the decoder 914 are added together.

To make the addition more efficient, the hot 1 (HA)
- from the first digit is moved to the first column and
three HAs are added to row 2. Also, an HA is added to
- row 5 (see below). .

compliment the contents of the W-REG 910 (via the
second CPA 910) before the resulting signed converted
number 1s sent to the general purpose register.

Many variations and modifications which do not
depart from the scope and spirit of the invention will
now become apparent to those of skill in the art. Thus, -
1t should be understood that the above described em-
bodiments have been provided by way of example
rather than as a limitation.

Having thus described our invention, what we de-
clare as new and desire to secure by Letters Patent is:

COLUMN 8 7 6 5 4 3 2 1 ROW
W30 W3l Al A2 A3 Bl B2 B3 1
+
W28 W29 W30 W31 A0 HA HA HA y,
+
HA 3
+- |
W28 W29 W30 W3l Al A2 A3 B0 4
+
W26 W27 W28 W29 W30 W3l A0 HA 5
+
HA 6
+
HB 7

(FIRST 2 DECIMAL NUMBERS CONVERTED TO BINARY)

To accomplish the above addition, a 4-2 CSA
920-926 is used for each of the first 4 columns and a 3-2
CSA 928, 930 is used for each column after the 4th.

1. In a non-restoring binary divider circuit of a type
wherein a partial remainder is produced by subtracting
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a multiple of a divisor from a partiai divident, a unified

ratio decoder for both positive and negative values of

said partial remainder, said unified ratio decoder com-
prising logic means for receiving said partial remainder
and at least a higher order portion of said divisor and for
determining a decoded multiple from said partial re-
majnder and said partial divisor, said logic means com-
prising means, connected to receive said partial remain-

der and said partial divisor, for decoding a subset of

values of said partial remainder and said partial divisor,
resulting in no more than five decoded multiples which
are dependant upon a sign of said partial remainder.

2. A ratio decoder for use in a circuit for performing
‘non-restoring binary division, of a type wherein a par-

10

tial remainder is produced by subtracting a multiple of |5

a divisor from a partial dividend, comprising:
first input means for receiving a first operand of a
form 1xyz, wherein xyz represent consecutive bits
following a most significant 1 of the divisor;

second input means for receiving a second operand of g

a form abcdef, wherein abcdef represent, six con-
secutive high order bits of the partial remainder
after the partial remainder is shifted left by two
DOSItIONS;

third input means for receiving a bit indicative of a
sign (sumbit0) of said partial remainder;

first determining means for determining a multiple
equal to zero (MO0), said first determining means
comprising first logic gate means for performing
the logical operation:

A . EEm Gu. -_— ey - Lo - S - -

M0=abcd'+abcx(g+?‘)+abceyz+abcef-

—— g _-— s Wy Wy s

(x +y+2z)+abce-sumbitO=1-y + abcef.submitO=1;

second determining means for determining a multiple
equal to 2 (M2), said second determining means
comprising second logic gate means for performing
the logical operation:

M2=a+bc+be;+bf;+bdef+bd(;+;’)+

bde(y+2) +befyz+bx(y+2z)+cdexyz -+

cdfxyz-{»—cdef;;-i—cdsumbit0=lxyz+

¢ defsumbitd=1 x (;' + ;) + ¢ d e sumbit0=1 x ;; and

third determining means for determining a multiple
equal to 1 (M1), said third determining means com-
prising third logic gate means for performing the
logical operation:

Ml= j'f_ﬂ-.:-ﬁ:

wherein sumbitO=1 indicates a negative sign of the
partial remainder.

3. An apparatus for performing non-restoring divi-

sion using a dividend and a divisor, comprising:

a first ratio decoder connected to receive a higher
order portion of said dividend and a higher order
portion of said divisor;

first and second carry propagate adders, said first
carry propagate adder being coupled to said first
ratio decoder and connected to receive said higher
order portion of said dividend, said second carry

25

30

35

40

45

>0

33

65

16

propagate adder being cascaded with said first
carry propagate adder;

third and fourth carry propagate adders, said third
carry propagate adder being coupled to said first
ratio decoder and being connected to receive said
dividend and said divisor, said fourth carry propa-
gate adder being cascaded with said third carry
propagate adder, each of said third and fourth
carry propagate adders comprising an output indic-
ative of a carry out;

a second ratio decoder interposed between an output
of said first carry propagate adder and an input of
said second carry propagate adder, said second
ratio decoder being connected to receive said carry
out from said third carry propagate adder;

a third ratio decoder, coupled to an output of said
first pair of cascaded carry propagate adders; and,

quotient generation means, coupled to said first ratio
decoder, said second ratio decoder, said third ratio
decoder, and said third and fourth carry propagate
adders, for generating a quotient responsive to said
carry out from each of said third and fourth carry
propagate adders and multiples generated by said
first, second and third ratio decoders.

4. The apparatus of claim 3 where each of said first,
second and third ratio decoders consist of a single ratio
decoder.

5. An apparatus for decoding multiples from a partial
remainder and a partial divisor, comprising:

determining means for determining when the partial
remainder is negative;

complementing means, coupled to said determining
means, for complementing a portion of said partial
remainder when said partial remainder 1s negative;
and, |

decoding means, coupled to said complementing
means and said determining means and connected
to receive said partial divisor, for producing said
multiples in response to said partial remainder and
said partial divisor, said decoding means compris-
ing means for decoding no more than five of said
multiples whose values are dependant upon a sign
of said partial remainder.

6. The apparatus of claim §, wherein said partial divi-
sor i1s of the form 1xyz wherein xyz represent consecu-
tive bits following a most significant 1 of the partial
divisor, said partial dividend i1s of the form abcdef
wherein abcdef represent, six consecutive high order
bits of the partial remainder after the partial remainder
is shifted left by two positions, said determining means
comprises a bit indicative of a sign (sumbitO) of said
partial remainder, and wherein said decoding means
COMprises:

first determining means for determining a multiple
equal to zero (MO0), said first determining means
comprising first logic gate means for performing
the logical operation:

_— S Ear - L e T .. .. e A S . e

MO=abcd +abcx{e+1f) +abceyz+abcef-

-_— s - ey wenk ek skhe

(x +y+z)+abce -sumbitO=1.y 4+ abcef.submitO=1;

second determining means for determining a multiple
equal to 2 (M2), said second determining means
comprising second logic gate means for performing
the logical operation:
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M2=a+bc+bex+bfx+bdef+bd(x -+ y)+

o plgs o

bde(;’+;)+bef;;+b;(;+;)+cdexyz+ E

cdfxyz+cdef;;+cdsumbit0=lxyz+

cd e f sumbit0=1 x (;' -+ ;) + ¢ d e sumbit0=1 x ;; and 10

third determining means for determining a multiple
equal to 1 (M1), said third determining means com-
prising third logic gate means for performing the -

logical operation: 15

M1=MI-T-E;

wherein sumbitO=1 indicates a negative sign of the
partial remainder.

7. The apparatus of claim 5 wherein said portion of
sald partial remainder comprises said partial remainder
shifted left by two places.

8. An apparatus for performing non-restoring binary
division, comprising:

first adding means for subtracting a multiple of a

- normalized divisor from a normalized dividend so
as to produce a difference thereof and a carry out;
. second adding means for subtracting a portion of said 4
multiple of said normalized divisor from a portion
of said normalized dividend so as to produce a
partial remainder and a sign-bit indicative of a sign
of said partial remainder;
complementing means, connected to receive said 35
partial remainder and said sign-bit, for EXCLU-
SIVE ORing a portion of said partial remainder
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and said sign bit so as to produce a positive partial
dividend;
decoding means, coupled to said complementing
means and said second adder means, for producing
a positive multiple in response to said sign-bit, said
normalized divisor and said positive partial divi-
‘dend, said decoding means comprising means for
decoding no more than five multiples whose values
are dependant upon a value of said sign-bit; and
quotient determining means, connected to receive
said carry out, said sign-bit and said positive multi-
ple, for two’s complement said positive multiple
when said sign-bit indicates that said partial re-
mainder was negative so as to produce a true multi-
ple, and for subtracting said carry out from said
true multiple to produce a partial quotient.
9. In an apparatus for performing non-restoring divi-
sion of a type wherein a normalized partial dividend and
a higher order portion of a multiple of a normalized
divisor are subtracted so as to produce a partial remain-
der and a sign-bit indicative of a sign of said partial
remainder, a ratio decoder comprising:
complementing means, connected to receive said
partial remainder and said sign-bit, for EXCLU-
SIVE ORing a portion of said partial remainder

- and said sign bit so as to produce a positive partial
dividend: and

decoding means, coupled to said complementing
means and connected to recerve said sign-bit and at
least a portion of said normalized divisor, for pro-
ducing a positive multiple in response to said sign-
bit, said positive partial dividend and said normal-
1zed divisor, said decoding means comprising
means for decoding no more than five multiples
whose values are dependant upon a value of said
sign-bit.
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